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I. Introduction
NASA Glenn Research Center (GRC) for years has been actively involved in the research and development of Stirling engines as an energy source for future NASA space exploration missions. These Stirling engine range in power levels from the 55 Watt Technology Demonstrator Converter (TDC) to the 12.5 kW Space Power Research Engine (SPRE). In more recent space mission studies, with power level requirement of approximately 100 kW, an array of high power Stirling Engines in the order of 70 kW each has also been considered.
Stirling engines typically possess two major moving parts, the displacer and the piston, both powered by thermal energy. To convert this thermal energy into electricity a linear alternator is attached to the piston to produce a single phase sinusoidal voltage waveform proportional to the piston amplitude (ref. 1) at a specific electric frequency. Since all Stirling Engines-Linear Alternators perform at low electrical frequencies (less or equal to 100 Hz) , exploration missions that can employ these engines as the energy source will likely use dc power management and distribution (PMAD) system instead of an ac PMAD system to save space and weight. If an ac PMAD were considered for a space mission, heavy transformers and filters will be necessary at each load to obtain dc power due to the low frequency electrical generation of the Stirling engine. These elements will make the ac PMAD system too big, heavy and impractical for any space mission. Therefore, an ac to dc converter is applied right at the output of the Stirling Engine-Linear Alternator to obtain a dc PMAD system. There are two types of ac to dc converters that can be employed, one converter is a passive full bridge diode rectifier as shown in figure 1 , and the other converter is an active switching full bridge rectifier as shown in figure 2 . A SE-LA has an EMF voltage (V alt ) in series with the winding resistance (R alt ) and inductance (L alt ), (see figs. 1 and 2). The presence of the alternator winding inductance (L alt ) creates a phase lag of the current with respect to voltage at its output terminal (V t ), causing a reduction in power factor to values lower than one. In order to keep power factor close to unity, both ac to dc converters topologies implement power factor correction. In the case of the passive full bridge diode rectifier, a capacitor (C t ) connected in series, known as the tuning capacitor, will counteract the inductive reactance effect by putting an equal but opposite reactance at a specific electrical frequency resulting in an increase of the SE-LA power factor. For the active full bridge switching rectifier, power factor correction is achieved by controlling the switching of the MOSFETS. Both topologies of ac to dc conversion plus Power Factor Correction (PFC) have their own advantages and disadvantages with respect to exploration missions. This paper discusses those advantages and disadvantages as well as their power factor correction methods and the topology impact on overall mass for exploration spacecraft. In addition, simulations results on both ac to dc converters topologies with PFC as a function of output power and SE-LA inductance (L alt ) impedance are presented and compared.
II. Passive Full Bridge Diode Rectifier with PFC
The passive full bridge diode rectifier with a tuning capacitor (C t ) for PFC has been the historical topology of choice for many Stirling engine research and development units, because they are simple to design, robust, efficient and easy to build. Essential to the Stirling Engine is the parasitic load control system which works together with the diode rectifier to regulate the dc voltage and control the Stirling piston stroke (X p ). During normal operation, the Stirling engine delivers constant power; therefore, the parasitic load controller will be used add or subtract parasitic loads depending upon the load demand.
To design a full bridge diode rectifier applied to a Stirling engine, three areas must be considered:
1) Diode voltage and current rating 2) dc capacitance (C dc ) voltage rating and value 3) Tuning capacitor (C t ) voltage rating and value
The diode voltage will be rated based on the regulated dc bus, typically 1.5×V dc or more, and its current rating is based on the rated power of the total dc load, usually 1.5×I dc or more. The C dc voltage rating is also based on the regulated dc bus (1.5×V dc or more) and its value of C dc depends on the amount of voltage ripple that the dc loads will accept. The larger the C dc capacitance, the smaller the ripple at the dc bus. An approximate value of capacitance needed given the desired peak-to-peak voltage ripple (V ripple, p-p ) can be expressed as follows:
where I dc is the maximum dc load current and f is the electrical ac frequency of the SE-LA (ref. 2).
The tuning capacitor (C t ) rating will be based on the linear alternator terminal voltage (V t ) and the dc bus voltage (V dc ). The tuning capacitor voltage can be expressed as
and when operating closed to unity power factor V t can be expressed as
where V alt is the alternator-EMF voltage, V Lalt is the winding inductance voltage (V Lalt = ωL alt ×I alt ) assuming that the alternator winding resistance (R alt ) is negligible. Therefore, the voltage rating for the tuning capacitor will be
The tuning capacitor value depends mainly on the linear alternator winding inductance value (L alt ) and the linear alternator electrical frequency (f). Therefore, the value of C t can be obtained using:
By adding a properly sized tuning capacitor (C t ) in series with the alternator inductance (L alt ), the whole electrical system emulates a resistive load and the following benefits can be achieved: 1) Alternator current will be in phase with the alternator EMF voltage.
2) High current spikes at the rectification diodes are eliminated.
3) Peak current and hence EMI is reduced. 4) Current harmonics are reduced. 5) Significant reduction in reactive power resulting in better use of the Stirling Engine delivered power. 6) Power factor is close to unity. Figure 3 shows the simulated results of a 70 kW/100 Hz/400 Vdc Stirling engine using a passive full bridge diode rectifier with a passive PFC topology. This shows that by adding a series capacitor, the current will closely follow the voltage resulting in a power factor close to unity. This is significantly better than if no tuning capacitor is used which can produce high current spikes (ref. 3) . Note that the dc bus is being held at 400 Vdc with approximately 40 V peak-to-peak ripple (10% ripple).
By observing the alternator current waveform in figure 3 and its frequency spectrum in figure 4, it can be seen that the current in not purely sinusoidal even if a tuned capacitor is applied. A reason for this alternator current distortion or higher harmonics components can 6 ). These voltage harmonics can generate multiple alternator current harmonics, and the amount and magnitude of these current harmonics greatly depend on the impedance value of the alternator inductance. The impedance of the alternator inductance can be expressed as
where ω is equal to 2*π*f. The bigger the inductance value, the bigger the impedance, XL alt . Subsequently, the I alt current harmonics components will be greatly attenuated or blocked from circulation due to the high impedance path. This harmonic attenuation produces a more sinusoidal current wave shape thereby allowing the Stirling system power factor to be close to unity. For the tuning capacitor (C t ) impedance, its effect is totally opposite to SE-LA inductance impedance. The C t instead creates a lower impedance path inversely proportional to the current harmonics frequencies (XC t = 1/(jωC t )). Therefore, no high frequency attenuation will be induced by the capacitor. The purpose of the tuning capacitor is to cancel the phase lag between the output current and voltage of the SE-LA at the fundamental alternator frequency. Table 1 , in conjunction with figures 3, 4, 7, and 8, shows the simulations results of three different cases of alternator inductive impedance and its effects on the alternator current distortion, the current harmonics and the system power factor. For each of these cases the base power is 70 kW, the dc bus (V dc ) is 400 Vdc, and 100 Hz for the electrical frequency. For case no. 1 the alternator inductance impedances is 1per unit (XL alt = 1 p.u.), for case no. 2, XL alt is ten times the per unit value (10 p.u.), and case no. 3 is one tenth of the per unit value (0.1 p.u.). After the simulations and evaluations among all the three cases, the most favorable operating condition is case no. 2, when the SE-LA XL alt is ten times the p.u. value or the inductance is approximately 30 mH (see fig. 7 ). This inductance value is high enough to create a high impedance path to suppress the current harmonics, a low THD and a power factor very close to one. For case no. p.u. value (0.1 p.u.) or its inductance is 0.3 mH, the impedance path is much lower allowing the presence of current harmonics in I alt , causing a distorted current waveform (higher THD) and producing a lower power factor.
A. Passive Full Bridge Rectifier with PFC Simulations Results
In summary, when employing a Stirling engine system that uses a passive full bridge diode rectifier with tuning capacitors for PFC, it is advantageous for the designer to maximize the inductance value on the alternator windings. A large inductance guarantees minimum alternator current distortion due to harmonics and a power factor close to one. Another benefit of large alternator inductance (L alt ) is that the capacitance value needed for the tuning capacitors to compensate for the inductance effect at the alternator fundamental frequency is much less than the cases of low L alt , see equation (5) and table 1 . Low values of C t result in lower mass penalties for any exploration mission.
III. Active Full Bridge Rectifier (AFBR) with Active Power Factor Correction (APFC)
With the technological advancement in electronics over the last couple of decades and new developments in controls, the use of MOSFETs as a high power, fast switching device has revolutionized the power electronics arena. These new advancements have introduced an alternative method that can be applied to the SE-LA ac to dc rectification and PFC efforts. Figure 2 shows this new method which is called as Active Full Bridge Rectifier (AFBR) with APFC. A major advantage of this topology is that the tuning capacitor (C t ) for power factor correction is no longer needed. Power factor correction is performed by switching MOSFET 1 through 4 in a combinative sequence such that the alternator current (I alt ) falls in phase with the alternator EMF voltage (V alt ). Table 2 shows a list of electrical parameters that describes the AFBR with APFC topology. Here, the alternator EMF voltage peak (V alt -peak), the alternator inductance (L alt ), and the alternator impeadance (X alt ) are limited to a certain range of values to assure the proper performance of the AFBR topology. For this case, the alternator EMF voltage peak is kept below the dc bus voltage, because the AFBR topology works better in voltage boost mode than in voltage buck mode. Since the alternator EMF peak voltage is being kept below 400 Vdc (V alt < 283 V), the alternator current has to be high enough to supply the required 70 kW. This imposes a limitation to the SE-LA inductance value and the inductive impedance (XL alt ) for the AFBR to work. Both of this need to be kept low, otherwise the alternator current will be to slow to react to the MOSFETs rapid switching and the PF will be less than one.
The active power factor correction main control scheme that synchronizes the activation of the AFBR MOSFETs and makes the alternator current follow the alternator EMF voltage is called tolerance band control (ref. 2). This type of control uses a reference current signal (I alt *), where the actual current (I alt ) is compared with the tolerance band around the reference current (see fig. 9(a) ). If the actual current tries to go beyond the upper tolerance, the control algorithm of the AFBR dictates the next appropriate switching command state to reduce the I alt current. The opposite switching occurs if the actual current needs to be increased or tries to go below the lower tolerance band. To acquire the reference current signal (I alt *) in a simulation environment, V alt can be used and scaled by a constant K to the amount of current needed for the Stirling engine to supply the demanded power ( fig. 9(b) ). In reality, the internal EMF voltage (V alt ) is not available on most Stirling engine designs; however, it can be derived from the Stirling piston position signal (ref. 4). The switching frequency of the AFBR MOSFETs depends on how fast the current changes from the upper limit to the lower limit and vice versa, which, in turn depends on the L alt inductance value. Moreover, the switching frequency does not remain constant, but varies along the current waveform.
There are many switching combinations that have been described in previous papers (refs. 4, 5, and 6). To keep AFBR simple in a high power Stirling system for exploration missions, only two switching sequences were simulated, studied and compared. One switching scheme turns on two MOSFETs at the same time and the second switching scheme turns on only one MOSFET. The two MOSFET switching scheme can have a better performance than the one MOSFET scheme in terms of counteracting the effect of the alternator inductance when XL alt is closed to 1 p.u. When XL alt is close to 1 p.u., the alternator inductance is large enough to slow down the flow of alternator current, especially when the current needs to be increased, thereby affecting the power factor correction effort. To have a quick and almost linear change in alternator current a large voltage across the alternator inductance must be applied. To achieve this, the two MOSFET scheme turns on the switches that can use the dc voltage bus (V dc ) in series and at the same polarity orientation with the alternator EMF voltage (V alt ) so that I alt can linearly rise without the slowdown effect of the alternator inductance, see figure 9 (a).
In the case when XL alt is well below 1 p.u., the alternator inductance is low enough to use the one MOSFET switching scheme. With very low alternator inductance, a quick and linear increase in the alternator current can be made by simply turning on only one MOSFET making the voltage across the inductor equal to the alternator EMF voltage. Even though the two MOSFETs switching scheme can be applied at low alternator inductance it is more efficient and reliable, for space missions, to use the one MOSFET scheme. One MOSFET scheme cuts switching and conduction losses in half when used in conjunction with diodes with small forward voltage drop.
As mentioned before, the AFBR topology with APFC will primarily use the two switching schemes in order to follow the reference current (I alt *) signal by increasing and reducing the actual alternator current. Table 3 depicts the switching states for both switching scheme methods as a function of the alternator EMF voltage (V alt ) polarity and the effect on the terminal voltage (V t ) and the alternator current (I alt ). For the two MOSFET switching scheme, figure 10 and table 3 show how the alternator current rises and falls while the alternator EMF voltage is in the (fig. 10(a) ), thus the voltage across the alternator inductor will be the sum of the alternator EMF voltage (V alt ) plus the dc bus voltage (V dc ). This will be enough voltage potential to counteract the large alternator inductance value and create an increase in the alternator current up to the upper tolerance current of the tolerance band control system ( fig. 9 ). When the upper tolerance has been reached, the alternator current is reduced by turning off M2 and M3 and letting the current flow though diodes D1 and D4 charging the dc bus capacitor (C dc ), see figure 10(b) . When the alternator current reaches the lower tolerance band, MOSFETs M2 and M3 will turn on to start the cycle again. The same thing happens when the alternator EMF voltage is in the negative half cycle, but in this case MOSFETS M1 and M4 will be turned on to increase the alternator current and diodes D3 and D2 will be used to reduce the current. Figure 11 and table 3 show how the current rises and falls on the alternator while the alternator EMF voltage is in the positive half cycle for the one MOSFET switching scheme. When MOSFET M2 is turned on, V t is zero volts ( fig. 11(a) ). Therefore, the voltage across the alternator inductor will be only the alternator EMF voltage (V alt ). This creates enough voltage potential to counteract the small alternator inductance value causing an increase in the alternator current up to the upper tolerance current of the tolerance band control system ( fig. 9 ). When the upper tolerance has been reached the alternator current is reduced by turning off M2 and letting the current flow though diodes D1 and D4 charging the dc bus capacitor (C dc ) ( fig. 11(b) ). To alternate between MOSFETs while the alternator EMF is positive, M3 can be turned on instead of M2 to increase the alternator current. Turning on M3 will have the same effect on the alternator current, and when the current reaches the upper tolerance current of the tolerance band control system, M3 will be turned off and the current will flow through diodes D1 and D4 and fall. Once the alternator current reaches the lower tolerance band, either M2 or M3 will turn on to start the cycle again. The same thing happens when the alternator EMF voltage is in the negative half cycle but in this case MOSFETS M1 and M4 will be alternated on to increase the alternator current, and diodes D2 and D3 will be used to reduce the current.
A. Active Full Bridge Rectifier (AFBR) with APFC Simulation Results at Two L alt Cases
To demonstrate the effect of the alternator inductance on both switching schemes of the AFBR topology, two cases of alternator impedance were simulated and evaluated. The first set of simulations XL alt is set to be 1 per unit and the second set of simulations is when X Lalt equals to one tenth of the per unit impedance (0.1 p.u.). The impedance condition of ten times the per unit value (10 p.u.) was not simulated due to the fact that the alternator inductance will be too large and the alternator current response will be too slow to adjust when using the AFBR with APFC topology. Table 4 in conjunction with figures 12 to 21 shows the influence the SE-LA inductance has over the power factor correction and the alternator current waveform distortion at the two different switching cases. Again, each of these switching schemes use the requirements stipulated in table 2.
The simulation results of the two MOSFET switching scheme when the alternator inductive impedance is set at 1 per unit (L alt = 1.75 mH) are shown on table 4 and figures 12 to 14. Here the dc bus voltage is maintained at 400 V and the alternator current waveform follows the EMF voltage with some distortion in its wave shape thus producing a system a power factor of 0.97 ( fig. 12 ). With XL alt at 1 p.u., the active power factor correction seems to work properly, but not well enough to produce a distortion free alternator current waveform. This is due to the alternator inductive impedance slowing the alternator current response and hindering the proper performance of the current tolerance band control algorithm ( fig. 9 ). This current slow down can also be seen in figure 13 , in which V AB (same as the alternator output terminal voltage, V t ) exhibits discontinued switching of the two MOSFETs. V AB is used to vary the alternator current for PFC, and its value is set by the switching states of table 3 to provide the current tolerance band control. The V AB discontinued switching is caused when the alternator current falls within the tolerance band of the control system for a long time without reaching either tolerance limits ( fig. 9(a) ) which causes an extended switching state because the current is not changing rapidly. Finally, the non sinusoidal shape of the alternator current leads to harmonics components and is shown in figure 14 (a) with a total harmonic distortion of 9.8 percent. Figures 15, 16, and 14(a) shows the same 2 MOSFET switching scheme with the alternator inductive impedance at one tenth the per unit value or the inductance is 0.175 mH. Compared to the previous case, can be seen the major influence the alternator impedance has over the alternator current waveform. In this case, the alternator current precisely follows the EMF voltage with no current waveform distortion, increasing the power factor to 0.999 with a THD of 2.94 percent, while maintaining 400 V at the dc bus. Also, the current tolerance band control algorithm works during the entire current cycle as is shown in figure 15 . Figure 16 also shows that the low alternator inductive impedance allows fast change in alternator current, proper operation of the current band control, and continuous switching of V AB (or V t ) along the cycle. Finally, figure 14(b) shows only a single current component at 100 Hz, at the alternator electrical frequency.
Modeling results for the one MOSFET switching scheme with XL alt = 1 p.u. can be seen in figures 17, 18, 19(a), and table 4. These figures depict the same behavior as the case of two MOSFETs switching scheme. The inductive impedance of one per unit produces an inductance large enough to slow down the alternator current and affect the current band control algorithm, reducing the power factor (0.9) and increasing the THD (12.63%). In comparison with the two MOSFET switching scheme with XL alt = 1 p.u. (table 4) , power factor and THD are higher due to the fact that only one MOSFET is switching and insufficient voltage across the alternator inductor results in a slow increase in the alternator current.
Results for the one MOSFET switching scheme with XL alt = 0.1 p.u. are shown in figures 20, 21 and 19(b). Compared to the preceding case (one MOSFET and 1 p.u. impedance), one can see the major influence the alternator impedance has on the alternator current waveform. Here, the alternator current precisely follows the EMF voltage with no current waveform distortion making the power factor 0.999 with THD of 3.07 percent, while maintaining 400 V at the dc bus. Here the current tolerance band control algorithm works during the entire current cycle as is shown in figure 20. Figure 21 also shows that low alternator inductive impedance allows fast change in alternator current, proper operation of the current band control and continuous switching of V AB (or V t ) along the cycle. Figure 19(b) shows a single current component at 100 Hz which is the same as the alternator electrical frequency. As seen on table 4, when the alternator impedance is equal to 0.1XL alt , both MOSFET switching schemes result in similar power factors and alternator current THD. Both schemes work very well, but the one MOSFET switching scheme has an advantage over the two MOSFET case; by only switching one MOSFET the AFBR with APFC topology becomes more efficient and reliable. One MOSFET switching cuts switching and conduction losses by half and the power diodes with low forward voltage drop are used for a greater length of time.
IV. Comparison Between Passive and Active Rectification with APFC for High Power Stirling
For a high power space exploration mission that uses a Stirling engine, careful consideration should be given to the type of ac to dc rectification topology to be applied. Both passive and active rectification with power factor correction has advantages and disadvantages, depending on the SE-LA winding inductance design. In addition, the simplicity of the design, robustness, reliability, efficiency, and mass will play an important role for the final design approach. In this section, advantages and disadvantages for passive and active rectification are described in terms of their performance and their design parameters.
A. Passive Rectification with Power Factor Correction
Passive rectification using full bridge diode rectifier is very simple. High voltage and high current diodes that are made for the severe environmental conditions of deep space have a low forward voltage (between 1 and 2 V) drop. This results in an efficiency reduction of about 3 percent.
The major disadvantage of the passive rectification approach is that it needs capacitors for power factor correction. Capacitors are very big, bulky and heavy. The level of capacitance needed for a high power Stirling is in the order of millifarads resulting in weight and volume impacts.
If a passive rectification design is finally considered as the topology of choice for any deep space mission, the best design will be influenced by the linear alternator design. Based on the simulations it can be concluded that a SE-LA design that possess the largest possible winding inductance value (L alt ) will perform best when the diode bridge is applied. The benefits are: 1) Power factor close to one (see table 1 when L alt = 30 mH) 2) Low current harmonics with minimum distortion (see table 1 when XL alt = 10 p.u.) 3) High terminal voltage (V t ) due to large inductance. 4) Minimum capacitance weight.
B. Active Rectification with Active Power Factor Correction
The attractive feature that the active rectification topology brings is the total elimination of the tuning capacitor (C t ). By eliminating the tuning capacitors volume and mass are saved. Also, active rectification implies active closed loop control, allowing more accurate rectification and power factor correction can be achieved. However, some side effects results on the performance, reliability, robustness and simplicity of the active rectification design.
The efficiency of the active rectification topology is lower than the passive rectifier topology. To increase its efficiency, the number of parallel MOSFETs per switch will need to increase, resulting in an increase of the topology complexity, a reduction in reliability, and an increase of the controls and drive circuits needed for the MOSFETs.
If an active rectification design is finally considered as the topology of choice for any deep space mission, the best design will be influenced by the linear alternator design. Based on the on the simulations described in the previous sections, it can be concluded that a SE-LA that posses the lowest possible winding inductance value (L alt ) will perform best when the AFBR with APFC is applied. The benefits for this are: 1) Power factor close to one (see table 4 when L alt = 0.175 mH) 2) Low current harmonics with minimum distortion (see table 4 when XL alt = 0.1 p.u.) 3) No tuning capacitors (C t ) 4) No mass penalty due to the tuning capacitance Table 5 shows the features of each rectifier topology and summarizes their respective strengths and weaknesses. 
V. Conclusion
Stirling engines have been considered as a main power source for high power space exploration missions. The key factors, for its success is the efficient and reliable energy transfer, as well as a simple design configuration with minimum weight. The ac to dc rectifier with power factor correction is one of the subsystems that can impact the entire Stirling system. Two types of ac to dc rectifiers have been simulated and compared as a preliminary step in evaluating the design of a mission PMAD system. When applying either passive or active rectification in a Stirling system, the SE-LA winding inductance (L alt ) plays a key role in the level of performance of each rectification topology. It was demonstrated that a SE-LA with a large winding inductance (at the level of 10 times the per unit inductive impedance value), a passive ac to dc diode rectifier will provide a simple, reliable and efficient design solution. Simulations show that its power factor is very close to one with almost no distortion in the alternator current. Since the tuning capacitor (C t ) can create a big penalty in terms of weight and space, this must be kept to a minimum by designing the SE-LA with the largest alternator inductance possible. Passive rectification applied to a SE-LA with low winding inductance will have lower power factor with distortion in the alternator current and the tuning capacitor will be large in value and size.
Active rectification eliminates the PFC tuning capacitors; however, this topology requires the SE-LA to be designed with very low inductance, so that active rectification can work properly. In an active high power rectifier design, each switch should consist of an array of MOSFETs which can increase the complexity as well as reduce the converter reliability. Simulations have demonstrated that the best design for an active rectification topology is one that uses the one MOSFET switching scheme (instead of two) where the efficiency is maximized. Clearly, this one switching scheme for rectification and PFC can only be applied if and only if the SE-LA winding inductance is kept to a minimum or at approximately one tenth of the SE-LA inductive impedance.
